Abstract. Accumulating evidence has demonstrated that the σ-1 receptor (σ-1R) possesses neuroprotective effects and is a potential novel therapeutic target for certain psychiatric diseases, including post-traumatic stress disorder (PTSD) accompanied with anxiety disorder. It has been reported that σ-1R agonist treatment could be modulated by the brain-derived neurotrophic factor (BDNF) signaling pathway. However, it remains unclear whether BDNF and its upstream regulator are mechanistically involved in the therapeutic effect of σ-1R in PTSD. To address this question, rats were subjected to a single-prolonged stress (SPS) paradigm and σ-1R agonist administration. Open-field and elevated plus maze tests were implemented to evaluate the effect of σ-1R activation on the improvement of anxiety-like behaviors. Furthermore, the expression levels of BDNF, phosphorylated cAMP responsive element-binding protein (CREB) and glutamate receptor ionotropic N-methyl D-aspartate 2A (NMDAR2A) were investigated in the hippocampi of rats. It was revealed that the downregulation of BDNF, phosphorylated CREB and NMDAR2A induced by SPS were reversed by σ-1R activation. Collectively, the results of the present study suggest that the NMDAR2A/CREB/BDNF signaling pathway is involved in the activation of σ-1R resulting in therapeutic effects for PTSD.
Introduction
Post-traumatic stress disorder (PTSD) is an anxiety disorder induced by undergoing life-threatening events, such as natural disasters, combat or violent assaults (1) . It is the fourth most common psychiatric diagnosis and classified as anxiety disorder. One of the characteristic features of PTSD patients is avoidance of the traumatic-related stimuli persistently. But the neurocircuitry mechanism underlining PTSD is not fully understood now. It has been identified that three areas of the brain whose function may be involved in PTSD: the prefrontal cortex, amygdala and hippocampus, among which the hippocampus is a limbic system structure involved in memory process, as well as being a regulatory center for stress response (2) (3) (4) . Some studies suggested that the volume of hippocampus reduced in patients with major PTSD disorder (5) (6) (7) .
It has been reported that sigma-1 receptor (Sig-1R), a transmembrane protein located in the endoplasmic reticulum (ER) membrane, is highly expressed in brain tissue (8, 9) . It regulates lipid transport, synaptic signaling, axonal out ground, the activity of various ion channels and neurogenesis in nervous system (10) (11) (12) (13) (14) . Sig-1Rs are well known as the therapeutic targets for antidepressant drugs because of their antidepressant-like effects (15) . Sig-1R knock-down in vitro can lead to calcium homeostasis defects and stress activation, and thus enhance apoptosis induced by stress factor (16, 17) . But the possible effects of Sig-1R on animal model of PTSD have not yet been reported. A report suggested that the brain-derived neurotrophic factor (BDNF) signaling pathway could be modulated through the Sig-1R chaperone by chronic treatment with antidepressants (15) . Our previous study also found that BDNF-TrkB (Tropomyosin receptor kinase B, TrkB)-ERK (extracellular regulated protein kinases, ERK) signaling pathway was involved in the neuroprotective effect in reduction of anxiety-like behaviors by Sig-1R activation in PTSD rats (18) . But whether BDNF affects other pathways is unclear. BDNF, a neurotrophic released during high-frequency stimulation patterns, plays a critical role in the survival, differentiation and synaptic plasticity of mammalian neurons. It has been shown that BDNF can regulate the phosphorylation, trafficking, and expression of N-methyl-D-aspartate (NMDA) receptor, a heteromeric complexes composed of two glycine-binding NR1 subunits in combination with various glutamate binding NR2 subunits (NR2A, NR2B, NR2C and NR2D) (19) . Previous study has proposed that NMDAR blockade may be beneficial for anxiety patients presented with impaired extinction responses, particularly after repeated unpredictable traumatic experiences (20) . Among subunits of NMDAR, NR2A is predominantly located at synapses and Sigma-1 receptor activation ameliorates anxiety-like behavior through NR2A-CREB-BDNF signaling pathway in a rat model submitted to single-prolonged stress the activation of NR2A promotes neuronal survival (21, 22) . cAMP responsive element-binding protein (CREB), whose phosphorylation can regulate the action of BDNF in cells, is associated with synaptic NMDARs and may mediate their pro-survival effects (23, 24) . It has been shown that the lower level of p-CREB in long-term at standard condition (LTSC) mice and its behavior could be associated with the development of anxiety (25) .
In the present study, we evaluate the anti-anxiety effects of Sig-1R on single-prolonged stress (SPS) rats, which has been extensively developed and employed in the investigation of PTSD. Rats are chronically treated with a Sig-1R high-selective agonist 2-morpholin-4-ylethyl 1-phenylcyclohexane-carboxylate (PRE-084) to activate Sig-1R. Then we use open-field test (OFT) and elevated plus maze test (EPM) to examine anxiety-like behavior of SPS rats. We analyzed BDNF, phosphorylated CREB (p-CREB) and NR2A expressions in the hippocampi of rats to clarify possible mechanisms of anti-anxiety effect by Sig-1R activation in PTSD animal models.
Materials and methods
Animals. All experimental procedures on animals were approved by the Institutional Animal Care and Use Committee (China Medical University) and were in accordance with the National Institutes of Health Guide for the care and use of laboratory animals. Male Sprague-Dawley rats (Approval number: SCXK (liao 2015-0001), approximately 200 g weight, 3-4 months of age) were obtained from the Experimental Animal Center of China Medical University. Animals were kept at constant temperature 22˚C, humidity at 40-60% and under a 12-h light/dark cycle with food and water freely available. Following an adaptation period for at least one week, the experimental procedures were undertaken.
Experimental groups and SPS model. Forty-eight rats were randomly divided into four groups: Sham + Vehicle: normal rats treated with physiological saline; Sham + PRE-084: normal rats treated with PRE-084; SPS + Vehicle: SPS rats treated with physiological saline; SPS + PRE-084: SPS rats treated with PRE-084; Behavioral tests were carried out with all the rats and we chose the results of 6 rats randomly to do the statistical analysis. 6 rats of each group were used for immunofluorescence staining and the other 6 rats were used for western blot.
The SPS model was built as previously described with slight modifications (26, 27) . Briefly, rats were restrained inside a disposable restraint holder (58 mm diameter, 150 mm length) for 2 h. After that, they were put in a clear plastic container (600x400x500 mm) filled two thirds with water (24˚C) and forced to swim for 20 min individually. Then animals were permitted to rest for 15 min. Finally, rats were exposed to diethyl ether until loss of consciousness.
Drug infusion. PRE-084 (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in sterile saline before use. After the SPS procedure, PRE-084 or saline was infused at the volume of 0.1 ml/10 g body weight by intraperitoneal injections daily for 7 consecutive days. The dose of PRE-084 was 0.6 mg/kg based on the previous reports (18) .
Behavioral tests Open-field test (OFT).
Locomotor, exploratory and anxiety-like behaviors were detected by open-field test. The apparatus was a black Plexiglas enclosure measuring 50x50x50 cm with a red fluorescent light illumination over the center of the arena. In present study, rats were subjected with OFT after drug treatment. Briefly, after 30 min of acclimation in the room, rats were placed at a central start position in the open arena and allowed to explore for 5 min. After each session, the arena was cleaned by 70% ethanol and each rat was tested only once.
Elevated plus maze test. The elevated plus maze (EPM) test was performed after OFT as previously described (28) . Briefly, the EPM apparatus is made up of two opposing open and two opposing closed arms (50 cm arms, 50 cm off the ground). Rats were put on the central platform facing an open arm and allowed to explore for 5 min. Each test was videotaped and scored by an independent observer subsequently. Arm entry was defined as entering an arm with all four paws. Fixation and sections preparation of the hippocampus. After behavioral tests, six rats of each group were anesthetized with pentobarbital sodium (30 mg/kg i.p.) and then were perfused from left ventricle with 300 ml 4% cold paraformaldehyde in phosphate-buffered saline (PBS, pH7.4). The whole brain was removed rapidly and post-fixed for 10 h in 4% cold paraformaldehyde in phosphate-buffered saline at 4˚C. Then the brain was immersed in 30% sucrose solution for 24 h and sliced into 7 µm coronal sections. The sections were stored at -70˚C before use.
Immunofluorescence staining. The sections were permeabilized by 0.3% Triton X-100 in PBS for 30 min at room temperature. After being washed 3 times with PBS, the sections were treated with blocking solution (5% bovine serum albumin in PBS) for 20 min. Then the sections were incubated with mouse monoclonal antibody against NeuN (Abcam, Cambridge, MA, USA, 1:200) overnight at 4˚C. After being washed with PBS, the sections were incubated with Alexa Fluor 594 IgG secondary antibodies (Thermo Fisher Scientific, MA, USA; 1:400) for 1 h at 37˚C. A few sections in every experiment were incubated in PBS without primary antibody to assess nonspecific staining.
Six slides were selected from each group randomly, and six visual fields were randomly selected on each slide. The average value was evaluated by the optical density (OD) of positive cells in each field, and then the OD of the NeuN-immunopositive cells was analyzed through MetaMorph/DPIO/BX41 morphology image analysis system.
Western blot analysis.
The hippocampi of the other six rats were homogenized in the RIPA Lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxy cholate, 0.1% SDS overnight at 4˚C. The protein concentration was determined after centrifugation and the samples were denatured by boiling for 5 min. The protein fraction (30 µg/lane) extracted from each sample was separated by 10% (w/v) gradient SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a 0.45 µm PVDF membrane (Millipore Corp., Billerica, MA, USA). Membrane were blocked with 5% fetal calf serum in 0.05% Tween-20-containing TBST at room temperature for 2 h and incubated with rabbit polyclonal antibody against BDNF (Abcam; 1:1,000), rabbit polyclonal antibody against CREB and p-CREB (Abcam; 1:1,000) and rabbit polyclonal antibody against NR2A (Abcam; 1:1,000) overnight at 4˚C. After washed three times with TBST, the membrane was incubated with horseradish peroxidase-linked secondary antibodies against rabbit (ZSBio, Beijing, China; 1:5,000) for another 1 h at 37˚C. After washed three times with TBST, the PVDF membrane were developed using enhanced chemiluminescence (ECL; Uscnlife, China). The intensity of peroxydase activity was qualified using the ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Data are presented as mean ± standard deviation of the mean (SD) and analyzed with SPSS software (version 22.0, IBM SPSS, Armonk, NY, USA). One-way or two-way analysis of variance (ANOVA) with post hoc Tukey's test was used to determine statistical significance. P<0.05 was considered to indicate a statistically significant difference.
Results
The effects of Sig-1R activation on the impairment of anxiety behavior induced by PTSD in the OFT and EPM test. Open field test was performed to examine both locomotion and anxiety-like behavior. Gross motoric behavior was not affected by both SPS exposure and PRE-084 administration, because no significant differences were found in the total distance among the four groups (P>0.05; Fig. 1A) .
Two-way ANOVA showed significant effects of Regent Tukey's post hoc analysis revealed that the time and distance in the center were significantly reduced in SPS rats compared to the control group (P<0.05, respectively). After PRE-084 administration, the time in the center in the SPS + PRE-084 group was higher than that in the SPS + Vehicle group (P<0.05), and the distance in the center in the SPS + PRE-084 group was more than that in the SPS + Vehicle group (P<0.05), suggesting that anxiety behavior could be alleviated by Sig-1R activation.
In order to further testify this result, the elevated plus maze test was applied one hour after OFT. Two-way ANOVA showed significant effects of Regent (F(1,20) (Fig. 2B) . 
The effects of Sig-1R activation on the expression of NeuN in hippocampus of SPS rats.
The hippocampus was treated with immunofluorescence staining, as shown in Fig. 3A-D . NeuN-immunopositive cells were red, most of which showed clear nuclear; NeuN expression was evaluated by mean optical densities. A significant downregulation was shown in the SPS group compared to the control group (P<0.05, Fig. 3C ). While, the immunoreactivity increased significantly after administration of PRE-084 (P<0.05 vs. SPS, Fig. 3D ). This result suggested that treatment with PRE-084 could reduce neuronal cell loss in the hippocampi of SPS rats.
The effects of Sig-1R activation on the NR2A-CREB-BDNF pathway in SPS rats. In order to investigate the possible mechanism of Sig-1R activation on reducing loss of neurons, we detected the expressions of BDNF in the hippocampus through western blotting. We found that the OD value of BDNF bands had a significant reduction in SPS group compared to the control group (P<0.05, Fig. 4B ). But the results are reversed by PRE-084 administration. To further examine the effect of Sig-1R activation on BDNF signaling, we detected CREB, p-CREB and the upstream event, NR2A with western blotting. The ratio of p-CREB over CREB (regulator of BDNF) decreased dramatically in SPS group, while the expression was upregulated by PRE-084 administration (P<0.05 vs. SPS group; Fig. 4C ). Furthermore, we found that the level of NR2A was reduced in SPS rats compared with control group, while PRE-084 administration reversed this effect (Fig. 4D) . These results suggest that Sig-1R is involved in the NR2A-CREB-BDNF signaling pathway.
Discussion
The aim of the present study was to investigate the role of Sig-1R activation on the anxiety-like behavior in an animal model of PTSD. In order to do this, rats were exposed to single-prolonged stress paradigm and chronically treated with PRE-084, a selective agonist of Sig-1R, at the dose of 0.6 mg/kg by intraperitoneal injections. The effects of Sig-1R activation on reduction of anxiety-like behaviors in SPS rats were verified by OFT and EPM test. Furthermore, the expression of BDNF, phospho-CREB and NR2A were detected to investigate the possible mechanism between Sig-1R activation and its anti-anxiety effects in PTSD rats. The reduction of expression level in BDNF, the ratio of p-CREB over CREB and the level of NR2A in hippocampi of SPS rats can be reversed by PRE-084 treatment.
An appropriate animal model will facilitate our understanding of the mechanism in effective treatment of PTSD. SPS paradigm was proposed as a rat model of PTSD, which consists of three different stress procedures: restraint for 2 h, forced swim for 20 min, and ether anesthesia (26, 27, (29) (30) (31) . As such, SPS has been extensively developed and employed in the investigation of PTSD. In the present study, we found that SPS paradigms resulted in anxiety-like behaviors through OFT and EPM tests, consistent with our and other previous study. Furthermore, we observed the behaviors and changes of hippocampal neurons in SPS rats. We observed that SPS processes significantly decreased the number of neurons in hippocampus and resulted in the anxiety-like disorder, which could be ameliorated by chronic treatment of PRE-084, one selective agonists of Sig-1R, at a proper dose. An improvement in anxiety behaviors was induced by PRE-084 at the dose of 0.6 mg/kg after 7 days of treatment. These results suggest that the activation of Sig-1R can ameliorate anxiety like behavior disorders resulting from SPS by its neuroprotection effect.
In order to investigate the possible mechanism of anti-anxiety like effect of Sig-1R activation, we detected the expressions of BDNF, an activity-dependent growth factor and controlled by multiple signaling pathways. BDNF is widely expressed in the central nervous system and plays an important role in synaptic regulation, learning and memory, and neuroprotection. It is involved in pathological conditions of various neurodegenerative diseases, such as Huntington's disease and Alzheimer's disease (32) (33) (34) . A reduction in BDNF secretion may lead to changes in volume of certain brain areas, such as hippocampus, amygdala and neocortex for its affection in dendritic and axonal growth (35) (36) (37) . It has been reported that hippocampal volume is consistently reduced in some illness like depression and multiple sclerosis, and this symptom is associated with BDNF. Although the signaling pathway correlated with BDNF was reported to likely be a contributing factor in PTSD, as a matter of fact, changes in BDNF signaling may increase the risk of developing stress related psychopathology. Some studies suggested that sustained concentration of p-CREB, a transcriptional regulator of BDNF, could elevate the concentration of BDNF in neurodegenerative disease (38) (39) (40) . It has been shown that CREB implicates in mood disorders and a wide variety of standard antidepressant treatments increase hippocampal CREB activity (41, 42) . Some studies suggested that CREB play a role in anxiety disorders, because CREB knockout mice display increase in anxiety-like behaviors and anxiety-like behaviors can be modified by altering CREB function or expression (43) (44) (45) . In the present study, we found that the BDNF expression in rat's hippocampus was decreased by SPS Paradigms, accompanied by a decrease of the ratio of p-CREB over CREB. As we proposed, the ratio of p-CREB over CREB was increased, accompanied by an increased transportation of BDNF after chronic treatment with PRE-084 at the proper dose. These results suggested that Sig-1R activation may rescue the loss of neurons resulted from SPS and thus ameliorate the anxiety-like behaviors through increasing BDNF levels, possibly contributing to the enhancement of CREB phosphorylation in hippocampi of SPS rats.
Given that little is known about the pathophysiology of PTSD or the therapeutic mechanism of drugs used in the treatment of PTSD, we further investigated one of the factors correlated with both CREB and Sig-1R. Some studies have shown that Sig-1R can modulate multiple intracellular pathways and signaling cascades including Ca 2+ ions, which played a pivotal role in cell death and neurodegenerative disease. The neuroprotection effect of Sig-1R activation could be through preventing detrimental elevations of intracellular Ca 2+ by NMDA receptors (46, 47) . Therefore, we detected the level of NR2A, a subunit of NMDA receptor and one of the regulators of CREB, which was implicated in learning and memory processes and also in cell death associated with neurological disorders, so as to verify if it could be modulated by Sig-1R. We found that PRE-084 induced NR2A up-regulation in hippocampi of SPS rats, in parallel with the improvement of anxiety-like behavior by Sig-1R activation. As mentioned above, PRE-084 was found to enhance the expression of BDNF and the ratio of p-CREB over CREB, as measured by western blot. Lastly, although our study implicated the hippocampal NMDA-CREB-BDNF pathway as one of the factors in the enhancement of anxiety-like behavior by Sig-1R activation, other downstream or/and pathways may also be involved. This possible mechanism of action of Sig-1R activation awaits further investigation.
In summary, the results of the present study demonstrate that Sig-1R activation ameliorate the anxiety-like behavior in SPS rats. The expressions of BDNF, p-CREB and NR2A expressions in hippocampi of SPS rats were significantly increased by chronic treatment with PRE-084. The NR2A-CREB-BDNF pathway is possibly involved in the regulation of Sig-1R activation on anti-anxiety behavior in PTSD rats. Although the precise mechanism of this result is unknown, we suggested that NMDA-mediated signal transduction in the hippocampus may be involved in the pharmacology of Sig-1R activation on anti-anxiety effect in PTSD. Further studies will investigate both other neural mechanisms underlying Sig-1R agonists and the efficacy of Sig-1R agonists in the treatment of PTSD.
